ABSTRACT Field studies were conducted in 2000 Ð2002 to compare foliage-dwelling arthropod populations on Bacillus thuringiensis Berliner (Bt) (Bollgard) cotton and non-Bt (conventional) cotton season-long in South Carolina, Georgia, northern Alabama, and southern Alabama. For each of these four regions, three or four paired Þelds were sampled weekly in each of the 3 yr. Each pair of Þelds consisted of a Bt and a non-Bt cotton Þeld, both at least 5 ha in size. The dominant arthropod taxa collected included target pests (heliothine moths and Spodoptera spp.), nontarget pests (stink bugs and plant bugs), and generalist natural enemies [Geocoris spp., Orius spp., Solenopsis invicta (Buren), ladybeetles, and spiders]. Where target pests were present, particularly Helicoverpa zea (Boddie), their numbers were consistently signiÞcantly lower in the Bt cotton Þelds. Natural enemy populations generally were not signiÞcantly different between the Bt and the non-Bt cotton Þelds (50% of all comparisons) and, where signiÞcant differences were present, natural enemy abundance usually was higher in the Bt than the non-Bt cotton Þelds. These differences were correlated with lower insecticide use on the Bt than the non-Bt cotton Þelds, particularly in South Carolina, where target pest pressure was heaviest. When presented with insect eggs or larvae as prey items, the larger natural enemy populations in Bt cotton Þelds exhibited signiÞcantly higher predation rates. These results show that Bt cotton has no signiÞcant adverse impacts on the nontarget arthropod populations studied and, compared with insecticide-treated non-Bt cotton, Bt cotton supports higher natural enemy populations with signiÞcant positive impacts on biological control.
THE USE OF TRANSGENIC crops that express insecticidal proteins derived from Bacillus thuringiensis Berliner (Bt) is revolutionizing production agriculture on a global scale. The most widely used products are Bt cotton expressing a Cry1Ac protein and Bt corn expressing a Cry1Ab protein. For example, Bt cotton expressing Cry1Ac, sold as Bollgard or Bollgard II, is grown commercially in the United States, Mexico, Colombia, Argentina, China, Australia, and South Africa on Ͼ7,000,000 ha worldwide (James 2004) . Reasons for the widespread adoption of Bt cotton by growers include increased productivity, reduced use of synthetic pesticides, and less risk associated with decision making (Edge et al. 2001 , James 2002 , Huang et al. 2003 . In addition, Bt cotton has been shown to have signiÞcant beneÞts for human health by reducing the exposure of growers to toxic insecticides in China (Hossain et al. 2004) .
Bt cotton also has the potential to signiÞcantly beneÞt the environment. By signiÞcantly reducing broadspectrum insecticide use for lepidopteran pests such as Heliothis virescens (F.), Helicoverpa spp., and Pectinophora gossypiella (Saunders), Bt cotton can reduce the toxic effects of these insecticides (Edge et al. 2001 , EPA 2001 , James 2002 . Many laboratory and smallscale (i.e., plot sizes Ͻ Ͻ 1 ha) Þeld studies conducted with Cry1Ac protein and Bt cotton indicate that Bt cotton only has direct toxic effects on certain species of Lepidoptera (Mendelsohn et al. 2003) , in contrast with the chemistries that Bt cotton replaces such as pyrethroids and carbamates that have been documented to adversely impact many orders of nontarget arthropods and other invertebrates (Turnipseed et al. 2001, Wu and Guo 2004) .
However, no large-scale, multilocation studies have been published on the nontarget impacts of Bt cotton nor have published studies evaluated how the adoption of Bt cotton affects nontarget arthropods under commercial production conditions. Therefore, this paper reports results from a 3-yr study conducted in four regions of three U.S. states (north and south Alabama, Georgia, and South Carolina) comparing arthropod populations on commercially managed Bt (Bollgard) and non-Bt (conventional) cotton (see also the papers in this volume by Naranjo 2005a , b, Torres and Ruberson 2005 , Whitehouse et al. 2005 . Sampling focused on foliage-dwelling arthropods and particularly generalist predators because of the ecological and economic importance of these groups; previous studies indicated that predators are the dominant natural enemies in cotton Þelds in these regions (McGriff and Ruberson 1999) .
Materials and Methods
Locations. From 2000 to 2002, three or four pairs of Bt (Bollgard; Monsanto Company, St. Louis, MO) and conventional cotton Þelds were monitored in each of South Carolina, Georgia, and north and south Alabama (Table 1) . Fields were all at least 5 ha in size and were as large as 30 ha. Pairs of Þelds were located on the same farm and were chosen to be as similar as possible in location, variety, tillage practices, and border vegetation. All Þelds were commercially managed according to standard practices for that region, including applications of appropriate insecticides when economic thresholds were exceeded. Insecticide treatments generally were targeted against either lepidopteran pests, such as H. virescens, Helicoverpa zea (Boddie), and Spodoptera spp., or sucking bugs, such as plant bugs and stink bugs. Records were kept of all insecticide applications.
Sampling Methods. At each of the locations, arthropod populations were sampled at least weekly throughout the course of the season, except in the case of South Carolina where the sampling duration was shorter (Table 1) . Sampling was initiated 2Ð3 wk after plant emergence and continued until plant defoliation occurred. This resulted in at least 6 and as many as 16 sampling dates for each of the locations in each of the years. Sampling typically began in early June and ended in late August or September (Table 1) .
The number of samples taken on each sampling date varied among locations and years (Table 1) . At the South Carolina sites in 2000, Þve subsamples were taken from around a single centrally located station in each Þeld and these were combined into a single sample. In 2001 and 2002, a diagonal transect of ten sampling stations was established in each Þeld, and a single sample was taken at each station on each sampling date. At the Georgia sites in 2000, Þelds were divided into four quadrants and one sample was taken from around a single centrally located station in each quadrant on each sampling date. In 2001 and 2002, a transect of 10 sampling stations was established in each Þeld as described for South Carolina, and a single sample was taken at each station on each sampling date. At the north Alabama sites, a transect of 10 sampling stations was established in each Þeld and a single sample was taken at each station on each sampling date in all 3 yr. At the south Alabama sites, Þelds were divided into four quadrants, and 10 samples were taken from random locations within each quadrant on each sampling date in all 3 yr.
Each arthropod sample consisted of examining 5Ð10 whole plants for pest Lepidoptera and using combinations of beat buckets and drop cloths to sample for nontarget pest and natural enemy species. Beat buckets were used until plants were 35 cm tall, and 1-m 2 beat sheets were used as described by Shepard et al. (1974) . For both beat buckets and beat sheets, each sample consisted of collecting arthropods from a minimum of 2 m of row. The collected arthropods were identiÞed at least to the family level and to the species level in most cases. The individuals of each taxon were counted and the totals for each taxon in each sample were converted to abundances per meter of row.
The Sentinel Prey Studies. In three regions (South Carolina, Georgia, and south Alabama) in 2002, sets of H. zea eggs were placed in the paired Þelds and recovered after 24 h to estimate rates of egg predation by natural enemies. The eggs used were Ͻ24 h old and were individually attached to the leaves of cotton plants with a Þne paintbrush using bovine serum albumin as an adhesive. Eggs were evenly distributed on randomly chosen upper, middle, and lower leaves of each designated cotton plant, mimicking natural heliothine oviposition patterns (Parker and Luttrell 1998) . All studies were performed in the last week of July or the Þrst week of August using at least 10 sets of 15 eggs in both the Bt cotton and non-Bt cotton Þelds, with each set of eggs placed on a different cotton plant. This time period was chosen because the abundance of arthropod natural enemies in cotton Þelds in these regions peaks at about this time and because natural enemy control of damage to cotton fruiting structures would be particularly valuable during this period.
In addition, 10 sets of 10 1Ð2 d old Þrst-instar beet armyworm were placed out in both the Bt cotton and non-Bt cotton Þelds in South Carolina, with each set placed on a different cotton plant, and recovered after 24 h to estimate rates of larval predation by natural enemies. Each set of larvae were placed as a cluster on an individual plant, mimicking a recently hatched armyworm egg mass. The focal plant and surrounding cotton plants were examined for the presence of larvae and any evidence of larval feeding.
Statistical Analysis. For each region in each of the 3 yr, individual statistical analyses were run on the following taxa because of their abundance and importance: bollworms (consisting of larval H. zea and H. virescens); armyworms (larval S. exigua and S. frugiperda; plant bugs nymphs and adults; stink bugs nymphs and adults; big-eyed bug nymphs and adults (Geocoris spp.); minute pirate bug nymphs and adults combined (Orius spp.); lacewing larvae and adults (Chrysopidae and Hemerobiidae); ladybeetle larvae and adults (Coccinellidae); Þre ants (S. invicta); and spiders. Analyses focused particularly on larval and nymphal stages where possible, because these stages are less mobile than the adults and more sensitive to local conditions. Therefore these stages are more likely to be affected by insecticides or Bt proteins. For each of these numerically abundant taxa, repeatedmeasures analyses of variance (ANOVA) was used to compare population densities in the Bt cotton and non-Bt cotton Þelds. The effects of farm (blocking factor), cotton type (Bt or non-Bt cotton), date, and the interaction of date and cotton type on the abundance of natural enemies and herbivores were analyzed with mixed model, repeated-measures ANOVA using the PROC MIXED procedure of SAS (SAS Institute 2001). A compound symmetry structure was used to model the covariance among sampling dates. This structure was chosen because it requires relatively few assumptions about how the data are autocorrelated. All data were log(n ϩ 1)-transformed before analysis. Nontransformed means and SEs are reported in the tables and Þgures.
The number of insecticide applications on Bt cotton and non-Bt cotton Þelds within a region in each of the 3 yr, and the level of egg and larval predation in Bt cotton and non-Bt cotton Þelds within the regions, were compared using t-tests adjusted for unequal variances (SAS Institute 1995). The difference in the number of insecticide applications on non-Bt cotton and Bt cotton Þelds was regressed against the relative size of Þre ant populations (the most abundant predator in these systems) in each region and year (SAS Institute 1995).
Results
The most abundant foliage-dwelling cotton pests in all regions were various lepidopteran and heteropteran species. The lepidopteran species are target pests for Bt cotton because they are all controlled to varying degrees by the Cry1Ac protein; H. virescens is completely controlled by Bollgard, H. zea is partially controlled by Bollgard, and Spodoptera spp. are essentially unaffected by Bollgard (Stewart et al. 2001) . Of these species, the most common target pest in all of the regions studied was the corn earworm, H. zea, and it was still relatively rare in all of the years of study (Table 2 ). Other lepidopteran pests of cotton such as armyworms (Spodoptera spp.) were very sporadic, only occasionally occurring in any given region in any given year. Nontarget sucking pests, particularly plant bugs (Lygus spp.) and to a lesser extent stink bugs (primarily Nezara viridula L., but also Acrosternum hilare (Say) and Euschistus spp.), were consistently present in all regions and years.
Generalist predators dominated the foliage-dwelling arthropod community in all regions and years (Table 3) . Fire ants were the most common species, averaging Ͼ10 individuals per meter of row in Georgia. However, big-eyed bugs (Geocoris spp.), minute pirate bugs (Orius spp.), ladybeetles (Coccinellidae), and spiders (Araneae) were all present at seasonal average densities ranging from one to Þve individuals per meter of row in most regions.
Comparisons of Arthropod Populations in Bt Versus Non-Bt Cotton. The average number (ϮSE) of insecticide applications on Bt and non-Bt cotton Þelds in the four regions in each of the 3 yr is shown in Table 4 . The insecticides commonly used included the pyrethroids -cyhalothrin (Karate, Syngenta Crop Protection, Greensboro, NC) and -cypermethrin (Fury, FMC Corp., Philadelphia, PA), the organo-phosphate dicrotophos (Bidrin, AMVAC Chemical Corp., Los Angeles, CA), and spinosad (Tracer; Dow AgroSciences LLC, Indianapolis, IN). The insecticide applications typically occurred between mid-July and mid-August, particularly in the case of the pyrethroids. Of the regions, lepidopteran pest pressure was highest in South Carolina (see Table 2 ), resulting in relatively more insecticide applications (particularly of pyrethroids for H. zea control) on the non-Bt cotton Þelds in this region than in other regions and signiÞcantly more insecticide applications on the non-Bt than the Bt cotton Þelds in this region in all 3 yr (Table 4 ; t-tests, P Ͻ 0.05). In the other three regions, more insecticide applications tended to be applied to the non-Bt cotton Þelds than the Bt cotton Þelds but it was only significant in two cases: Georgia and south Alabama, both in 2002. In these regions, lepidopteran pest pressure was consistently relatively low (Table 2 ) and most of the applications were made for pest Heteroptera, with dicrotophos being the most commonly used insecticide. However, pest populations were higher in 2002 than in 2000 and 2001 (Table 2) , resulting in the observed patterns of insecticide use in Georgia and south Alabama in that year.
The impacts of Bt cotton on populations of each of the important target and nontarget taxa are presented in Tables 5 and 6 . Results are presented as the percent difference between the abundance of a given taxon in Bt cotton Þelds and the abundance in non-Bt cotton Þelds in a given region and year. A positive value represents a signiÞcantly greater abundance of that taxon in the Bt cotton Þelds relative to the non-Bt Þelds, whereas a negative value represents a signiÞ-cantly lower abundance in the Bt cotton Þelds.
Target Pest Lepidoptera. As expected, the target lepidopteran pests of Bt cotton, particularly the heliothines, generally were present at signiÞcantly lower densities on Bt cotton than on non-Bt cotton (Table 5) , despite the use of insecticidal sprays on the non-Bt cotton Þelds to control these pests. In north Alabama and Georgia, population densities of these pest species were too low in some years (particularly 2000) of the study to detect differences. Similarly, armyworms tended to be too rare and sporadic in all regions for signiÞcant differences to be detected, except in South Carolina in 2002.
Nontarget Pest Heteroptera. In South Carolina, where signiÞcantly more insecticide applications were made on the non-Bt cotton Þelds than the Bt cotton Þelds in all 3 yr of study (Table 4) , nymphal and adult populations of plant bugs were signiÞcantly lower on the non-Bt cotton Þelds in all 3 yr (Table 5) , presumably as a direct result of these insecticide sprays. A similar pattern was observed with nymphal and adult stink bugs in 2002. In other years, stink bugs seldom were present in sufÞcient numbers to detect differences (Table 2 ). In the other regions where the number of insecticide applications was comparable on the non-Bt cotton Þelds and the Bt cotton Þelds in all 3 yr of study, the abundance of nymphal and adult plant bugs and stink bugs generally was not signiÞcantly different between Bt and non-Bt cotton Þelds (Table  5) . Of the 36 comparisons, 26 (72%) were not significantly different, 5 had signiÞcantly larger pest populations in the Bt cotton Þelds, and 5 had signiÞcantly lower pest populations in the Bt cotton Þelds.
Nontarget Generalist Predators. In South Carolina, populations of nymphal and adult big-eyed bugs, minute pirate bugs, damsel bugs, Þre ants, and spiders were consistently signiÞcantly greater in the Bt cotton Þelds than in the non-Bt cotton Þelds in each of the 3 yr (Table 6) , presumably reßecting the lower number of broad-spectrum insecticide applications on the Bt cotton Þelds compared with non-Bt cotton Þelds. In many of these cases, the natural enemy populations were two to four times greater in the Bt cotton Þelds. Similarly, in this region lacewing (Chrysopidae and Hemerobiidae) populations were signiÞcantly greater in the Bt cotton Þelds in 1 of the 3 yr.
Among the arthropod predators, ladybeetles were the one exception to the trend toward higher populations in the Bt cotton Þelds. Larval ladybeetle populations were signiÞcantly lower in South Carolina Bt cotton Þelds than in the non-Bt cotton Þelds in 2 of the 3 yr, and adult ladybeetle populations were not signiÞcantly different between the Bt and non-Bt cotton Þelds in any of the 3 yr (Table 6 ).
In the other three regions where insecticide use was comparable on Bt cotton and non-Bt cotton Þelds, natural enemy populations generally were not significantly different between Bt and non-Bt cotton Þelds. Of the 90 comparisons, 66 (73%) of the comparisons were not signiÞcant, 15 (17%) had greater populations in the Bt cotton Þelds, and 9 (10%) had lower populations in the Bt cotton Þelds (Table 6 ). Where a natural enemy population differed signiÞcantly between the Bt and non-Bt cotton Þelds in a particular region and year, the size of the difference tended to be smaller than in those observed for South Carolina (generally Ͻ2-fold).
To examine the quantitative relationship between insecticide use and predator populations, the difference in the number of insecticide applications on non-Bt cotton and Bt cotton Þelds was regressed against the relative size of Þre ant populations (the most abundant predator in these systems) in each region and year (Fig. 1) . The relative size of the Þre ant population in the Bt cotton Þelds relative to the non-Bt Þelds was signiÞcantly positively correlated with the spray reduction on the Bt cotton Þelds (R 2 ϭ 0.51, F ϭ 10.3, df ϭ 1,10, P ϭ 0.0094).
Predation Rate in Bt and Non-Bt Cotton Fields. The percentage of sentinel prey items consumed over a 24-h period in Bt cotton Þelds was consistently greater than the percentage consumed in non-Bt cotton Þelds. Figure 2 shows the results of experiments run with sets of H. zea eggs in three of the regions in 2002. At all three locations, these experiments were preceded by at least one pyrethroid application for lepidopteran pests on the non-Bt cotton Þelds, and two -cyhalothrin applications occurred in the preceding 2 wk at the South Carolina site. The percentage of eggs consumed in the Bt cotton Þelds was signiÞcantly greater in South Carolina (t ϭ 4.63, df ϭ 17.9, P ϭ 0.0002) and south Alabama (t ϭ 3.19, df ϭ 35.6, P ϭ 0.003) but not in Georgia (t ϭ 1.21, df ϭ 7.56, P ϭ 0.13), although the Means within a row followed by different letters are signiÞcantly different (P Ͻ 0.05).
trend was comparable. These patterns match those observed for the relative size of natural enemy populations (Table 6 ); generalist predator populations were consistently signiÞcantly larger in Bt cotton Þelds than in non-Bt cotton Þelds in South Carolina and south Alabama, and similar but smaller differences were present between Bt and non-Bt cotton Þelds in Georgia.
Comparable studies using larvae of S. exigua in South Carolina in 2002 produced similar results. Of 100 larvae placed out for 24 h, signiÞcantly fewer larvae were recovered in the Bt cotton Þelds than in the non-Bt cotton Þelds (1% compared with 51%; t ϭ 4.92, df ϭ 9, P ϭ 0.0008). Some of the missing larvae may have moved onto neighboring plants but searches of these plants did not reveal any larvae and interplant movement of Þrst-instar armyworms typically is limited.
Spatial and Temporal Variation in Arthropod Populations in Cotton.
Factors other than insecticide applications clearly contributed to signiÞcant spatial and temporal variation in arthropod populations within and among all the regions.
Spatial Variation in Arthropod Populations. As noted earlier, lepidopteran pest populations tended to be higher in South Carolina than in the other regions (Table 2 ). These pests were almost nonexistent in north and south Alabama during the 3 yr of this study. However, of all the regions, plant bugs were most common in north Alabama, resulting in relatively high number of spray applications on both Bt and non-Bt cotton Þelds in this region (Table 4) . Positive numbers represent signiÞcantly greater numbers in the Bt cotton Þelds, negative numbers represent signiÞcantly lower numbers in the Bt cotton Þelds, and NS represents no signiÞcant difference between Bt and non-Bt cotton Þelds, based on repeated-measures ANOVA (P Ͻ 0.05).
a Heliothine, larvae of Helicoverpa zea and Heliothis virescens; Armyworm, larvae of Spodoptera frugiperda and S. exigua. b PB, plant bugs (Lygus spp.); SB, stink bugs. c Stink bug nymphs and adults were combined for the Georgia location. Positive numbers represent signiÞcantly greater numbers in the Bt cotton Þelds, negative numbers represent signiÞcantly lower numbers in the Bt cotton Þelds, and NS represents no signiÞcant difference between Bt and non-Bt cotton Þelds, based on repeated-measures ANOVA (P Ͻ 0.05).
a BE, big-eyed bugs (Geocoris spp.); Pirate, Orius spp. nymphs and adults; Damsel, Nabis spp. b LW, lacewings (Chrysopidae and Hemerobiidae); LB, ladybeetles (Coccinellidae). c Adult lacewings were not recorded for the Georgia location.
Natural enemy populations also varied greatly among the regions (Table 3 ). Populations of most of the common generalist predators tended to be highest in South Carolina and Georgia and were consistently very low in south Alabama. However, different taxa did display different patterns across the regions. For example, Þre ants and spiders were particularly common in Georgia, possibly because of the high levels of conservation tillage adoption.
Within regions, variability in arthropod populations was even greater. Table 7 shows the percent difference (where that difference was statistically signiÞ-cant) between the locations within a region with the highest and lowest abundances of the common pest and natural enemy taxa. These differences within a region generally were statistically signiÞcant (71 of 110 cases evaluated ϭ 65%), and the size of the differences ranged up to 100-fold. The taxa that exhibited the greatest spatial variability were the predatory bugs (anthocorids and geocorids) and Þre ants.
Temporal Variation in Arthropod Populations. As discussed earlier, pest populations were consistently higher in 2002 than in 2000 and 2001 in all of the regions, particularly in the case of the target lepidop- teran species (Table 2) . Predator populations also tended to be higher in 2002 in all of the regions, possibly because they were responding to the same factors as the pest species or because they were responding to the greater abundance of the prey species themselves (Table 3) .
Discussion
Impact of Bt Cotton on Generalist Predator Populations. Across the four regions and 3 yr of this study, no consistent adverse impacts on foliage-dwelling generalist predators were observed in the large, commercially managed Bt cotton Þelds relative to the non-Bt cotton Þelds in each region (Table 6 ). In any given year, this amounted to weekly sampling throughout the course of the cotton growing season on 14 or 15 pairs of Bt and non-Bt cotton Þelds, with any given Þeld being sampled repeatedly on each sample date. This supports the original conclusions of the risk assessment performed for Bt cotton (Mendelsohn et al. 2003) and is generally consistent with other studies carried out in various countries that have found few consistent differences between unsprayed Bt cotton and non-Bt cotton Þelds (Men et al. 2003 , Sisterson et al. 2004 , Naranjo 2005a , b, Torres and Ruberson 2005 , Whitehouse et al. 2005 ). Where differences have been seen in these studies, they have tended to be small in magnitude, and their biological signiÞcance was unclear (Naranjo 2005a , b, Whitehouse et al. 2005 .
Where signiÞcantly greater insecticide use occurred on the non-Bt cotton Þelds than the Bt cotton Þelds in this study, such as in South Carolina in all years and in Georgia and south Alabama in 2002, generalist predator populations were consistently significantly larger in the Bt cotton Þelds than in the nonBt cotton Þelds (Table 6 ). In particular, populations of predatory Heteroptera, Þre ants, and spiders were signiÞcantly larger in Bt than non-Bt cotton Þelds where treatments occurred for lepidopteran pests like H. zea. The size of this effect was signiÞcantly correlated with the difference in the number of insecticide applications on the non-Bt and Bt cotton Þelds (Fig. 1) . This clearly shows that the smaller number of insecticide applications required for lepidopteran pests on Bt cotton results in substantial beneÞts to nontarget arthropod populations when cotton is grown under commercial conditions. Similar environmental impacts should be observed anywhere that the use of Bt cotton results in fewer insecticide applications than are required for non-Bt cotton in the same region. Smaller-scale Þeld studies in various countries support this conclusion (Xia et al. 1999 , Naranjo 2005a .
Consequences of Differences in Generalist Predator Populations. The differences in generalist predator populations between Bt and non-Bt cotton Þelds that had different numbers of insecticide applications had functional impacts on levels of biological control within these Þelds. Rates of egg and larval predation were signiÞcantly higher in the Bt cotton than the non-Bt cotton Þelds in South Carolina and south Alabama in 2002, and a similar nonsigniÞcant trend was observed for Georgia cotton Þelds. This enhanced level of biological control probably was responsible for the signiÞcantly lower populations of fall armyworms observed in Bt cotton Þelds in South Carolina in 2002 ( Table 6 ). In that year, armyworm populations were high in the non-Bt cotton Þelds and almost nonexistent in the Bt cotton Þelds, yet Bt cotton provides only minimal direct control of armyworms (Stewart et al. 2001) . This sort of impact on rates of biological control has been reported for other nontarget pests such as aphids in both Bt potato Þelds and Bt cotton Þelds (Reed et al. 2001, Wu and Guo 2004) . Aphid populations have been observed to be signiÞcantly lower in Bt crop Þelds than in corresponding non-Bt crop Þelds managed with broad-spectrum insecticides. The enhanced level of biological control in Bt cotton Þelds with relatively fewer insecticide applications also may explain why ladybeetle larvae were less abundant in Bt cotton Þelds than in non-Bt cotton Þelds in South Carolina in 2000 and 2002 (Table 6 ). The generalist predators in Bt cotton Þelds would have decreased the abundance of ladybeetle prey such as lepidopteran eggs and aphids. Ladybeetles in cropping systems tend to be highly responsive to prey populations such as aphids, potentially explaining the larger numbers of ladybeetles found in the South Carolina non-Bt cotton Þelds. In addition, ladybeetles in the Bt cotton Þelds may have been exposed to more intraguild predation than those in the non-Bt cotton Þelds because of the higher abundance of ants and spiders in the Bt cotton Þelds.
Other Biotic and Abiotic Factors Affecting Arthropod Populations in Cotton. The signiÞcant spatial and temporal variation in arthropod populations observed in this study indicates that many factors beyond insecticide use signiÞcantly affect these populations. The variation within and among regions probably reßected differences in other management practices such as tillage and irrigation; differences in the surrounding land use patterns and particularly in the presence of source areas for the generalist predators; and differences in how the focal Þelds themselves were used in previous years. The variation across the years of the study probably reßected direct and indirect effects of abiotic factors such as temperature and precipitation. Cumulatively, these biotic and abiotic factors tended to have much larger effects on arthropod populations than the insecticide applications (e.g., compare Tables 5 and 6 with Table 7 ), and may wholly or partially obscure the impacts of Bt cotton use in studies that use a much more limited spatial or temporal scale than this study.
Potential Large-Scale Effects of Bt Cotton Adoption. The results of this study show that the adoption of Bt cotton over large areas can have signiÞcant beneÞts in terms of enhanced biological control in cotton systems. As Bt cotton adoption continues to increase in future years, these environmental beneÞts can be expected to accumulate, particularly in regions with historically heavy lepidopteran pest pressure and heavy insecticide use against these pests. In countries such as China, India, and Australia, where the number of insecticide applications for lepidopteran pests in cotton can exceed 10 in any given season (James 2002 ), these environmental beneÞts should be especially signiÞcant. Furthermore, in regions where cotton is grown among many other crops, such as India and much of China, Bt cotton adoption also may result in environmental beneÞts for these other crops; the impact on generalist predators moving among crops will be minimized by signiÞcantly reducing the number of insecticide applications that occur within cotton.
